Abstract: This paper deals with forced vibration behavior of adhesively bonded single-lap joint theoretically and experimentally. The finite element analysis (FEA) software was used to predict the natural frequencies and frequency response functions (FRFs) of the joint. The dynamic test software and the data acquisition hardware were used in experimental measurement of the dynamic response of the joint. It is shown that the natural frequencies of the joint from experiment are lower than those predicted using finite element analysis. It is also found that the measued FRFs are close to the predicted FRFs for the first two modes of vibration of the joint. Above the second mode of vibration, there is considerable discrepancy between the measured and predicted FRFs.
Introduction
The need to design lightweight structures and the increased use of lightweight materials in industrial fields, have led to wide use of adhesive joints in recent years. Consequently, the mechanical behavior of these joints has been the subject of a considerable amount of experimental and numerical studies [1] [2] [3] [4] [5] [6] [7] [8] . In the design of mechanical structures, which consist of jointed components, for minimum vibration response, a specific knowledge of the damping capacity of the component materials and joints is important. Saito and Tani [9] have investigated the natural frequencies and loss factors of coupled longitudinal and flexural vibrations. Ko et al. [10] , and Lin et al. [11] have used the finite element analysis (FEA) to predict the free vibration behavior of bonded plates. The focus of this paper is on numerical and experimental investigations of the forced vibration behaviour of adhesively bonded single-lap joint. The ABAQUS finite element analysis (FEA) software was used to predict the natural frequencies and frequency response functions (FRFs) of the joint. The LMS (Leuven Measurement System) CADA-X dynamic test software and the LMS-DIFA Scadas II 48 channel data acquisition hardware were used in experimental measurement of the dynamic response of the joint. The FRFs predicted using FEA were compared with those measured experimentally to validate the feasibility of the FEA method. 
Configuration and Properties of Adhesively Bonded Single-lap Joint
The adhesively bonded single-lap joint studied in the present work is shown in Fig.1 . The two adherends used were aluminium alloy plates of dimensions 200 mm long ×25 mm wide ×4 mm thickness. The adhesive used was two components acryloid cement. The mechanical properties of the aluminium alloy plates were as follow: Young's modulus, E=70 GPa; Poisson's ratio, v=0.33. The mechanical properties of the adhesive investigated were: Young's modulus, E ad =2 GPa; Poisson's ratio, v ad =0.30. Fig.2 shows the original finite element mesh of adhesively bonded single-lap joint. The finite element mesh of the joint was created using the ABAQUS FEA pre-processing program. Most of the adherends and adhesive were modeled using the 20-node solid elements. At the transition zones from the adherends to the adhesive, however, some 15-node transition elements were used. In this case, the transition elements were used in both the lap-jointed section of the adherends as well as the section of the adherends which were outside the lap-jointed section. The FEA programs were run to predict both free and forced vibration response. For free vibration, the program predicted the first 50 frequencies and mode shapes. For forced vibration, a sinusoidal forcing function of magnitude 10 N with a frequency range of 0 to 1000 Hz was applied to the edge of the joint at a distance of 20% of the length of the joint from the clamped edge. The frequency response functions (FRFs) at the tip locations of the adhesively bonded single-lap joint were predicted. 
Finite Element Modelling

Test Rig and Data Acquisition Hardware
The LMS CADA-X software was used in conjunction with the LMS-DIFA Scadas II 48 channel data acquisition hardware for the following dynamic tests. The software has a high speed 12-bit or 16-bit analogue to digital converter (ADC), 48 channels with programmable dual filtering (PDF), and four channels of signal generation via a quadruple digital to analogue converter (QDAC) [12] . One end of the adhesively bonded single-lap joint was clamped in a heavy support. An electromagnetic exciter (shaker) was connected to the adhesively bonded single-lap joint, via a force transducer, at a location which was 20% of the length of the joint from the clamped end and very close to a free edge as shown in Fig.3 . The shaker was excited by a band limited random signal which was produced digitally in a computer by the LMS CADA-X experimental modal analysis software [13] . The digital signal was converted into an analogue signal by the data acquisition system, amplified by the power amplifier and applied to the shaker. An accelerometer was fixed to selected points on the joint and was used to measure the frequency response of the joint at these points. The output of the force transducer and accelerometer were connected to LMS system which amplified and transduced the force and acceleration signals into voltages. These voltage signals were sampled and digitised by the data acquisition system which transferred the measured data to the computer for processing using the LMS CADA-X modal analysis software. Schematic diagram of the equipment used in the experimental test is shown in Fig. 3 .
Comparison of Measured and Predicted Natural Frequencies of the Joint
The natural frequencies of the adhesively bonded single-lap joint predicted using the FEA and measured using the test rig are compared in this section. Fig. 4 shows the natural frequencies from FEA and from experimental measurement. It is clear that the natural frequencies from experiment are lower than those predicted using FEA. This is because the support which clamps the joint is not infinitely rigid, there is an effect of the finite stiffness of the support on the measured modal characteristics. In the FEA, however, the joint was clamped with infinite rigidity. Therefore the experimental results may not compare very well with the FEA results obtained under the assumption of infinite support stiffness. 
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ComparisOn of measured and predicted FRFs
The FRFs of the adhesively bonded single-lap joint were measured using the LMS CADA-X experimental modal analysis software and the LMS-DIFA Scadas II data acquisition hardware. The frequency range of the measurements was 0 Hz-8000 Hz. The number spectral lines were set up as 16384, which corresponded to a resolution of 0.488Hz, in order to obtain an accurate indication of the variation of the FRFs. For comparison with the measured FRFs, the forced vibration steady-state FRFs of the joint were computed using FEA. The "Steady-State Dynamics" and "Modal Damping" options were used in the ABAQUS FEA in order to predit accurate FRFs. In the case of forced vibration of the adhesively bonded single-lap joint, the dynamical response of the free edge is most important because it fully represents the dynamical characteristic of the joint. Nodes 91, 93 and 95 in Fig. 1 are the nodes at the two corners and centre of the free edge of the joint (the corresponding nodes in the FE mesh are 60621, 2060621 and 4060621 respectively). 
3614
Mechanical and Aerospace Engineering, ICMAE2011
The overlay of the FRFs predicted using FEA and measured experimentally at the two corners and centre of the free edge of the joint is shown in Fig. 5 . In this figure, the dash line denotes the FRFs predicted using FEA and the solid line represents the FRFs measured experimentally. It can be seen from figure that the measued FRFs are close to the predicted FRFs for the first two modes of vibration of the joint. Above the second mode of vibration, there is considerable discrepancy between the measured and predicted FRFs.
Conclusions
The dynamic behaviour of adhesively bonded single-lap joint has been investigated theoretically and experimentally. The ABAQUS finite element analysis (FEA) software was used to predict the natural frequencies and frequency response functions (FRFs) of the joint. The LMS system was used in experimental measurement of the dynamic response of the joint. The following conclusions can be drawn based on the results obtained from the present investigation:
The natural frequencies of the adhesively bonded single-lap joint from experiment are lower than those predicted using FEA. This is because the support which clamps the joint is not infinitely rigid, there is an effect of the finite stiffness of the support on the measured modal characteristics. The measued FRFs are close to the predicted FRFs for the first two modes of vibration of the adhesively bonded single-lap joint. Above the second mode of vibration, there is considerable discrepancy between the measured and predicted FRFs. This situation may also be attributed to the experimental measurement errors.
